As one of the recent advances of optics and photonics, plasmonics has enabled unprecedented optical designs. Having a vectorial configuration of surface plasmon field, metallic nanostructures offer efficient solutions in polarization control with a very limited sample thickness. Many compact polarization devices have been realized using such metallic nanostructures. However, in most of these devices, the functions were usually simple and limited to a few polarization states. Here, we demonstrated a plasmonic polarization generator that can reconfigure an input polarization to all types of polarization states simultaneously. The plasmonic polarization generator is based on the interference of the in-plane (longitudinal) field of the surface plasmons that gives rise to versatile near-field polarization states on a metal surface, which have seldom been considered in previous studies. With a well-designed nanohole array, the in-plane field of SPPs with proper polarization states and phases can be selectively scattered out to the desired light beams. A manifestation of eight focusing beams with well-routed polarizations was experimentally demonstrated. Our design offers a new route to achieve the full control of optical polarizations and possibly advance the development in photonic information processing. Keywords: near-field interference; phase modulation; plasmonics; polarization generator
INTRODUCTION
Optical polarization is an important characteristic of light that enables transmission of information for signal processing in optical information technology by utilizing classical or quantum phenomena. Compared with conventional optical elements, plasmonic devices provide a more compact and efficient means to manipulate the polarization of light (e.g., plasmonic polarizers 1-5 , polarization rotators and converters [6] [7] [8] [9] [10] [11] , polarization detectors 12 , etc.). Recently, plasmoninduced spin-orbital coupling has generated strong interest in the field of photonics [13] [14] [15] [16] [17] , primarily due to the possibility of polarization and phase modulation. In fact, the vectorial structure of the surface plasmon field gives rise to unique properties in the conversion of optical fields between propagating light and bounded surface plasmon polaritons (SPPs), where the polarization information of light can be reloaded by special SPPs in a controllable way [18] [19] [20] [21] [22] . However, most of these devices offer only limited functions in polarization control. To address the ever increasing requirements of information processing, a full polarization generator is one of the desired technologies.
The limitations of polarization control would obviously be overcome with the development of a polarization converter that can convert all polarization states at the same time. However, developing such an all-states polarizer in a single device is quite a challenge. Here, we demonstrate such a plasmonic polarization generator that can generate, in principle, all types of polarizations and route them selectively to the appropriate beams in a controllable way. Due to the interference of the longitudinal field of SPPs, in our design, two orthogonally propagating SPPs are able to provide a collection of all of the nearfield polarization states with a regular distribution on a metal surface.
These states, therefore, can be individually selected by local scatterers (e.g., nanoholes). Using an appropriate phase modulation, special light beams will be formed with uniform polarization states. Based on this principle, this polarization generator was realized with respect to multiple divided focusing beams. As an impressive manifestation of this polarization generator, eight well-divided focal spots are achieved simultaneously, corresponding to eight polarization states (including linear, circular, and elliptical states).
MATERIALS AND METHODS
The polarization reconfiguration process is schematically shown in Figure 1a . Two orthogonal propagating SPPs are launched from a polarized incidence by the L-shaped slit on a metal film with an initial phase lag (DQ 0 5 Q x 2 Q y ) between the x and y directions. Different local phase lags of the two SPPs are reconfigured when they are superposed at different positions of (x, y) as DQ 5 DQ 0 1 k SPP (x 2 y). The transverse components of the electric field (E z ) of two orthogonal propagating SPPs, which are both normal to the metal surface, will interfere with each other, resulting in a periodic intensity distribution along the diagonal direction. In contrast, the longitudinal components (the in-plane field, E x and E y ) are orthogonal to each other and will lead to a series of in-plane polarization states due to the field superposition with respect to different phase lags (see the inset of Figure 1a ). Based on this interference of the in-plane fields of SPP waves, all types of the polarization states can be established simultaneously in a plane, which provides a collection of polarizations for further manipulations. By introducing nano-scatterers at the proper locations, a special polarization will be selectively scattered out in a preferred manner. Due to the nature of dipolar radiation, the amount of scattering from the inplane components of SPP field (E x and E y ) is much greater than from the normal one (E z ) to the far-field 23 , which ensures the implementation of this polarization router.
To achieve a constructive scattering process to form a desired beam, the phase relation of these scatterers should be carefully designed besides the polarization state, as schematically shown in Figure 1b and 1c. For example, for a SPP propagating in the x-direction, the periodic blue straight lines in Figure 1b correspond to a plane-wave scattering, whereas the curved lines in Figure 1c are for a focusing beam. In this article, the focusing beam is designed with the interference principle, that is, all of the scattered lights from the position of the structures (x, y) have the same phase at the focal point of (x f , y f , z f ) with respect to SPPs propagating in x-direction as
where k 0 and k SPP are the wavevectors of light in free space and that of SPPs, respectively, r~ffi ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi (x f {x) 2 z(y f {y) 2 zz 2 f q and c is a constant.
A group of curves with the same phase (or 2p phase lag) will be obtained, as shown in Figure 1c . Returning to the major goal of the polarization generator, the red dashed lines in the diagonal direction represent locations with the same polarization state (same DQ) and intercept the y-axis at values of y given by: d~nl SPP zd 0 , where n is an integer number, l SPP is the wavelength of SPP, and d 0 is the initial intercept which determines a given DQ. The nano-scatterers are designed to be located at the intersections of the blue curves and red lines, so that they will scatter the local SPP fields out with the same polarization state to form the preferred light beams. These intersections will have the same phase modulation on the other branch of SPP in the y-direction because they have the given phase difference DQ with the SPP in the x-direction, whose contribution is included in the reconfigured polarizations. Figure 2a displays the optical measurement system used in the experiments. Polarized light from a 633-nm He-Ne laser that is modulated by a polarizer and a quarter-wave plate was focused by an objective lens (43) and incident normally onto the sample from the backside. The scattered light was analyzed using a polarizer and a quarter-wave plate and then imaged using a CCD camera. Here, we set the fast axis of the incident and analyzing quarter-wave plates as p/4 with respect to x-axis (a 2 b 5 2p/4, where a and b are the angles of the fast axis to x-axis of the quarter-wave plates in the incident and transmitted sides, respectively). The intensity scattered out from the position (x, y) will be proportional to cos 2 (h 1 2 h 2 1 DQ), where h 1 and h 2 are the angles of axis of the polarizers in the incident and transmitted sides. The detailed determination of the reconfigured polarization state of the scattered beam with respect to the incidence polarization is provided in the Supplementary information.
RESULTS AND DISCUSSION
We first study the case of plane-wave scattering. In this case, the scattered beam has a plane phase front that can be produced from a periodically arranged array of scatterers 24 , as illustrated in Figure 1b Plasmonic polarization generator L Li et al 2 the scattered beam. The sample was fabricated using a focused ion beam (FIB, Helios nanolab 600i, FEI) instrument on 200-nm thick Ag film, which was sputtered onto a glass substrate. The L-shaped slits used for launching SPPs are 100 nm in width and penetrate through the Ag film. The scatterers within the quadrant area are designed as nanoholes, which were milled with the diameter of 150 nm, depth of 80 nm, and the period of 500 nm in the x-direction, as shown in Figure 2b . In fact, a finite area of beam cross section always leads to a Gaussian beam, although it has a plane wave front, so that the scattered light for the plane-wave design corresponds to a Gaussian beam. The scattered light is recorded using a CCD camera in the Fourier plane after the polarization analyzer, where the information of the k-vector beam and its polarization state can be clearly examined. Figure 2c and 2d is the experimental results with respect to a defined nanohole array, with its polarization state being selected and not, respectively. An apparent bright spot is observed, which corresponds to the scattered Gaussian beam in the Fourier plane to be turned on (the upper one) and off (the lower one) (see the zoom-in images in Figure 2c and 2d). As has been interpreted as polarization generator, any polarization state can be generated with respect to the location of the nanohole array on demand by continuously shifting the scatterer array.
In fact, well-routed focusing beams with defined polarization states might be of more practical importance. Our scattering approach does offer a convenient means to achieve the required focusing, as illustrated in Figure 1c . To achieve a symmetric result, one quadrant was extended to four, as shown in Figure 3a . The structures in the left two quadrants (II and III) were designed with the initial intercept of d 0 5 l SPP /2 targeting a focus at the position of (27.5, 0, 40 mm) on the left side, whereas the right quadrants (I and IV) were designed for the right focus (7.5, 0, 40 mm) with d 0 5 0. Note that different intercepts correspond to different polarization states in the scattering processes. Therefore, two bright focal spots in the real space were recorded by CCD camera at the focal plane (z 5 40 mm) without polarization analysis, as shown in Figure 3b . With polarization analyses, as expected, two orthogonal states are clearly separated (see the spot in Figure 3c for d 0 5 l SPP /2 and the spot in Figure 3d for d 0 5 0). Note that in the experiments, we used a right-circular polarization (RCP) as the incidence, and its orthogonal state (i.e., left-circular polarization (LCP)) was detected on the left side, with its original RCP was preserved on the right, as shown in Figure 3c and 3d, respectively, according to the different initial intercepts d 0 . The intercept of the hole array indeed determines the generated polarization states for a required diffraction beam, i.e., d 0 5 0 corresponds to the initial state, d 0 5 l SPP /2 corresponds to the orthogonal one, and d 0 5 l SPP /4 (and 3l SPP / 4) corresponds to the conversion from circular to linear polarizations. Therefore, with the use of a small amount of planar space, any type of polarization state can be achieved, which gives rise to the previously described polarization generator.
In fact, a similar concept for the synthesis of light of an arbitrary polarization was demonstrated in a structure composed of a nanoantenna that is connected to dielectric waveguides 25 . The function of this structure, however, is limited to a single output. In our approach, this reconfigurable planar design with a scatterer array had the capability to multiplex, in principle, all types of polarization states in any required beam-forms simultaneously. Here, to manifest this function, we demonstrate an eight-focus polarization generation that is fulfilled by composite nanohole arrays with the spatial multiplexing. The scattered light beams are designed to be focused to the eight vertexes of a right octagon, with respect to the eight different polarization states in the Poincaré sphere. Figure 4a is the SEM image of the sample, showing a composite nano-array. This structure was designed for focusing beams with the focal spots to eight vertices of a right octagon, whose initial intercepts have an equal gap of l SPP /8. The various foci are separated into four pairs, with the corresponding structures laid in the four quadrants in sequence. In each quadrant, two sets of nanohole arrays are designed and fabricated according to the two orthogonal polarization states of the light, which have an initial intercept (d 0 ) difference of l SPP /2 and reveal a mixed feature of superposed hole arrays (see the magnified image in Figure 4a ).
The incident polarization is RCP, as is the polarization of the former one (the amplitudes of E x and E y are equal), which determines that the designed eight polarization states will be on the great circle of the Poincaré sphere (see Figure 4c) . In the measurement, eight foci are clearly recorded in the focal plane (z 5 40 mm) with similar intensities without the polarization analyzer, as shown in Figure 4b , where the corresponding designed polarization states are sketched aside. To identify these states, the integrated intensities of the foci with respect to different analyzer conditions (checked by the angles of the polarizer) are plotted in Figure 4d , which shows good agreement with the theoretical predictions of cos 2 (h 1 2 h 2 1 DQ), where h 1 is fixed for the RCP incidence and DQ 5 k SPP d 0 correspond to the eight different states. Here, the focusing results of two typical analyzer conditions are demonstrated as shown in Figure 4e and 4f, corresponding to the dashed lines (u) and (v) in Figure 4d , respectively. The intensities of the foci are clearly distinct, especially those orthogonal pairs (e.g., i and ii in Figure 4e and v and vi in Figure 4f ), indicating the realization of the eight polarization states. Therefore, the simultaneous generation of multiple foci with different polarization states on the great circle of the Poincaré sphere is verified. Note that other polarization states on the Poincaré sphere (e.g., on the small circles) also can be achieved by tuning the amplitude ratio of E x /E y of incidence, which is also discussed in the Supplementary information. 
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Our approach was demonstrated to have the powerful ability to generate multiple routed beams with various polarizations. Compared with the previous techniques for polarization control (polarization rotators, convertor, etc.), our approach does not suffer from the same limitations due to introduction of an intermediate process between the light input and output as the reconfigurable polarization generator, i.e., the orthogonal SPP interference. According to the achieved eight-states-foci, our approach can be adopted in the current multiplexing technique of fiber communications (see the schematic in the Supplementary information). Moreover, this strategy is quite general and adaptable. For example, our approach can be adapted to a unidirectional SPP launching design proposed by Lin et al. 20 , by which a spatial demultiplexer is added in the polarization generation to provide a complete 2 3 2 polarization division multiplexer (see the Supplementary information). This approach is independent of any resonance, making the entire process relatively low loss and allowing for a further application of the polarization manipulation via the resonant design. As a result, our method can provide a new dimension of freedom in manipulating SPPs and light in a manner that can be coexistent with resonance modulation in the metasurface scheme 26, 27 . The polarization states of the foci on the Poincaré sphere, in which the three Stokes parameters are S 1~Ey 2 { E x j j 2 ,S 2~2 E x j j E y sind, and S 3~2 E x j j E y cosd, which define the entire space of polarization states, and d is the phase difference between the field components in the x-and y-axis. 
CONCLUSIONS

